The objectives of this study were to characterize the use of sodium bicarbonate in pediatric cardiac admissions that experience cardiac arrest, to determine sodium bicarbonate use over the years, and to determine the impact of sodium bicarbonate on length of admissions, billed charges, and inpatient mortality. A cross-sectional study was conducted utilizing the Pediatric Health Information System database. Characteristics of admissions with and without sodium bicarbonate were initially compared by univariate analyses. The frequency by which sodium bicarbonate was used was compared by year. Regression analyses were conducted to determine the impact of sodium bicarbonate on length of stay, billed charges, and inpatient mortality. A total of 3987 (50.3%) of pediatric cardiac intensive care admissions with cardiac arrest utilized sodium bicarbonate; however, frequency changed from 62.1% in 2004 to 43.7% in 2015. Linear regression analysis demonstrated a decrease in length of stay (−27.5 days, p < 0.01) and billed charges (−$470,906, p < 0.01). Logistic regression analysis demonstrated an increase in mortality (odds ratio 1.77, 95% confidence interval 1.56-2.01). In conclusion, sodium bicarbonate is being used with less frequency over the last years in pediatric cardiac admissions with cardiac arrest. After adjustment for cardiac diagnoses, comorbidities, vasoactive medications, and other resuscitation medications, sodium bicarbonate is independently associated with increased mortality.
Introduction
Approximately 5000-10,000 children per year in the United States undergo cardiopulmonary resuscitation (CPR) for in-hospital cardiac arrest (IHCA) [1] . The primary diagnosis for IHCA continues to be hypotension and acute respiratory failure [1, 2] . The limited evidence of benefit and potential for harm have led the American Heart Association (AHA) to discourage sodium bicarbonate use in recent resuscitation guidelines [3] . Both the 2005 American Heart Association's (AHA) Advanced Cardiac Life Support (ACLS) and Pediatric Advanced Life Support (PALS) guidelines maintain that routine admiration of sodium bicarbonate has not shown to improve outcome of resuscitation [4] . The 2010 ACLS and PALS guidelines do not recommend use of sodium bicarbonate for cardiac arrest unless the target is hyperkalemia or toxidromes [4] .
Although routine use of sodium bicarbonate in pediatric CPR has not been advocated by PALS guidelines, its use during resuscitation remains common. A national database analysis found 68% of pediatric in-hospital cardiac arrests between 2000-2010 received sodium bicarbonate during CPR [4] . The reasoning for its utilization arises from the belief that acidemia impairs myocardial function and diminishes myocardial response to catecholamines [5] . Studies have quoted that pH of less than 7.3 may begin to impair cardiac function, but the majority of these studies are based on shortening fraction of individual sarcomeres isolated in an ex vivo environment. Clinical studies have demonstrated decreased function generally associated with pH less than 7.00. While limited studies have shown improved survival with sodium bicarbonate administration during CPR, overwhelmingly both animal studies [6] and adult studies have shown worsening of cardiac output and failure to improve outcomes of cardiac arrest [2] .
The objectives of this study were to characterize the use of sodium bicarbonate in pediatric cardiac admissions in the intensive care unit that experience cardiac arrest, to determine sodium bicarbonate use over the years, and to determine the impact of sodium bicarbonate on length of admissions, billed charges, and inpatient mortality.
Materials and Methods
Consent from individual patients was not obtained by the authors of this study, as this study utilized deidentified data from a national database. The study is in compliance with the Helsinki declaration.
Pediatric Health Information System Database
Data for this study were obtained from the Pediatric Health Information System (PHIS). PHIS is an administrative and billing database that contains inpatient, emergency department, ambulatory surgery, and observation data from not-for-profit, tertiary care pediatric hospitals in the United States. The 53 hospitals that contribute data to PHIS are affiliated with the Children's Hospital Association (Lenexa, KS), a business alliance of children's hospitals. Data quality and reliability are assured through a joint effort between the Children's Hospital Association and participating hospitals. For the purposes of external benchmarking, participating hospitals provide discharge/encounter data, including demographics, diagnoses, procedures, and charges. Data are de-identified at the time of data submission, and data are subjected to a number of reliability and validity checks before being included in the database.
Patient Identification
Cardiac admissions in the intensive care unit were identified using international classification of disease-9 (ICD-9) codes for specific cardiac diagnoses that are outlined in Table S1 . Cardiac arrest was identified as being present or absent in these admissions using ICD-9 code 427.5. Only admissions with one of the specific cardiac diagnoses and cardiac arrest were deemed appropriate for inclusion. Admissions with and without cardiac surgery were eligible for inclusion, and cardiac surgery was identified using ICD-9 codes outlined in Table S1 . We further divided patients that met the inclusion criteria into two subgroups: Patients that received sodium bicarbonate during the admission, and patients that did not.
Any use of the word "admission" in the manuscript from here on out refers to admissions that met these inclusion criteria.
Data Collection
Demographic information such as age and gender was collected for each admission. Admission characteristics such as length of stay, billed charges, and inpatient mortality were also collected. Use of the following vasoactive medications was noted: Epinephrine, norepinephrine, dopamine, dobutamine, milrinone, and vasopressin. Use of calcium chloride or calcium gluconate was also collected. The presence of heart failure, tachyarrhythmia, bradyarrhythmia, pulmonary hypertension, and acute kidney injury was also noted, as these can often complicate pediatric cardiac admissions.
Statistical Analyses
A cross-sectional study was conducted utilizing the Pediatric Health Information System database. Continuous variables are presented as median and range, while categorical variables are presented as absolute frequency and percentage. Continuous variables were analyzed using a Mann-Whitney U test, while categorical variables were analyzed using Fisher's exact test due to the non-normal distribution of the data.
Characteristics of admissions with and without sodium bicarbonate were initially compared by univariate analyses. Next, the frequency of admissions during which sodium bicarbonate was used was compared by year of admission.
Regression analyses were then conducted to determine the impact of sodium bicarbonate use on length of stay, billed charges, and inpatient mortality. Linear regressions were used for length of stay and billed charges, while a logistic regression was used for inpatient mortality. In each of these regressions, one of the three admission characteristics was the dependent variable, while the cardiac diagnoses, comorbidities, and medications listed in Table 1 were entered as independent variables. All variables found in Table 1 were eligible for inclusion and were included in the regression analyses, except for length of stay, cost of stay, and inpatient mortality themselves. Sodium bicarbonate was also included as an independent variable. This was possible due to the large sample size present, and thus, the analyses were adequately powered with a larger number of variables entered into the regression analyses. A total of 48 variables, including use of sodium bicarbonate, were entered as independent variables into the regression models, and with well over 10 events per independent variable, the resulting coefficients were deemed to be well powered as per previously published data regarding statistical methodologies in regards to regression analyses.
It was decided to use regression analyses rather than propensity score matching, as with a higher sample size, regression analyses offer advantages, including the ability to quantify the precise effect of each variable on the endpoint of interest.
All statistical analyses were done utilizing SPSS version 23.0. A p-value of less than 0.05 was considered statistically significant. Any use of the word "significant" in this manuscript refers to statistical significance unless otherwise specified. 
Results

Comparison of Admissions with and without Sodium Bicarbonate: Univariate Analyses
A total of 7926 admissions were deemed eligible for inclusion. Of these, 3987 (50.3%) used sodium bicarbonate. There was no significant difference in age or gender between the admissions with and without sodium bicarbonate use. The only significant differences in cardiac lesions were lower frequency of secundum atrial septal defect, systemic venous anomaly, and congenital pulmonary artery anomaly in admissions with sodium bicarbonate used. Cardiac surgery was also significantly less frequent in the admissions with sodium bicarbonate (Table 1) .
Trisomy 18, trisomy 21, and 22q11 deletion were significantly less frequent in the sodium bicarbonate admissions, although there were no significant differences in proportion of admissions with trisomy 13 or Turner syndrome. Tachyarrhythmia, bradyarrhythmia, acute kidney injury, and pulmonary hypertension were all significantly less frequent in sodium bicarbonate admissions ( Table 1) .
All vasoactive medications except dobutamine were used significantly more frequently in sodium bicarbonate admissions. Both calcium gluconate and calcium chloride were also used significantly more frequently in sodium bicarbonate admissions ( Table 1) .
Length of stay was significantly shorter in sodium bicarbonate admissions (median of 12 days versus 45 days; p < 0.01). Billed charges were also significantly lower in sodium bicarbonate admissions (median $240,285 versus $737,917; p < 0.01). Inpatient mortality was significantly more frequent in sodium bicarbonate admissions (54.6% versus 35.8%; p < 0.01).
Frequency of Sodium Bicarbonate Use by Year of Admission
The use of sodium bicarbonate in pediatric cardiac admissions with cardiac arrest did significantly decline over the study period that spanned from 2004 through the end of 2015. In 2004, 62.1% of admissions utilized sodium bicarbonate compared to 43.7% in 2015 (p < 0.01) ( Figure 1 ). All vasoactive medications except dobutamine were used significantly more frequently in sodium bicarbonate admissions. Both calcium gluconate and calcium chloride were also used significantly more frequently in sodium bicarbonate admissions ( Table 1) .
The use of sodium bicarbonate in pediatric cardiac admissions with cardiac arrest did significantly decline over the study period that spanned from 2004 through the end of 2015. In 2004, 62.1% of admissions utilized sodium bicarbonate compared to 43.7% in 2015 (p < 0.01) ( Figure 1 ). Linear regression analysis with length of stay as the dependent variable and sodium bicarbonate as one of the independent variables demonstrated that sodium bicarbonate was independently associated with a decrease in length of stay (−27.5 days; p < 0.01). Linear regression analysis with billed charges as the dependent variable demonstrated that sodium bicarbonate was independently associated with a decrease in billed charges (−$470,906; p < 0.01). Logistic regression analysis with inpatient mortality as the independent variable demonstrated that sodium bicarbonate was independently associated with an increase mortality (odds ratio 1.77, 95% confidence interval 1.56-2.01) ( Table 2) . Table 2 . Effect of sodium bicarbonate on length of stay, billed charges, and inpatient mortality: Regression analyses. Linear regression analysis with length of stay as the dependent variable and sodium bicarbonate as one of the independent variables demonstrated that sodium bicarbonate was independently associated with a decrease in length of stay (−27.5 days; p < 0.01). Linear regression analysis with billed charges as the dependent variable demonstrated that sodium bicarbonate was independently associated with a decrease in billed charges (−$470,906; p < 0.01). Logistic regression analysis with inpatient mortality as the independent variable demonstrated that sodium bicarbonate was independently associated with an increase mortality (odds ratio 1.77, 95% confidence interval 1.56-2.01) ( Table 2 ). As variables other than sodium bicarbonate were included in the regression models, we have provided what other independent variables were significantly associated with increased length of stay, increased billed charges, and increased inpatient mortality. As the aim of this study was to focus on sodium bicarbonate, the findings are not detailed here further in the text, but are available in Table 3 . Table 3 . Independent variables other than sodium bicarbonate significantly associated with increased length of stay, billed charges, and inpatient mortality. 
Inpatient Mortality
Length of Stay (Days) Billed Charges (USD) Inpatient Mortality
Discussion
This study demonstrates that the overall use of sodium bicarbonate from 2004 to 2015 decreased in pediatric cardiac intensive care admissions from 62.1% in 2004 to 43.7% in 2015. Although there has been a decrease trend in its use, it remains a highly used medication in the critical care setting.
Although the use of vasoactive agents has decreased in recent years in children undergoing congenital heart surgery [7] , the association between sodium bicarbonate and increased use of all vasoactive medications may not be unexpected, as it may represent patients who developed poor oxygen delivery with lactic acidosis related to hemodynamic instability. It may also reflect the practice that during patient resuscitation situations, clinicians will attempt alternative therapies in an effort to stabilize hemodynamics. Sodium bicarbonate use was recommended in the ACLS guidelines in 1976 and 1980 [8, 9] , under the assumption that it will counteract the metabolic and respiratory acidosis that cardiac arrest generates due to tissue hypoxia, impaired perfusion, and lactic acid production [10] . However, several recent studies have demonstrated a lack of hemodynamic benefits, among other conflicting findings [5, 11] .
The finding that sodium bicarbonate therapy during cardiac arrest is associated with increased odds in mortality has been previously demonstrated by other investigators. Lokesh and colleagues performed a randomized controlled trial in a pediatric population utilizing sodium bicarbonate during cardiac arrest. This trial analyzed 55 newborn patients with asphyxia that required resuscitation maneuvers, and did not find benefit in mortality in the sodium bicarbonate group [12] . A more recent study performed by Raymond and colleagues evaluated survival in 3719 pediatric patients that required CPR events. This retrospective study identified a decreased 24-h survival and decrease survival to discharge in the sodium bicarbonate group. Further studies are necessary to determine the cause for the increased association with mortality.
Sodium bicarbonate therapy maybe associated with other adverse effects that may impact patient outcomes. It has been reported that sodium bicarbonate therapy may lead to fluid overload and hyperosmolarity [13] . This finding has been particularly studied in premature neonates in which an association between increased serum osmolarity, elevated arterial carbon dioxide concentrations, and cerebral vascular vasodilation has been found [14] . Sodium bicarbonate therapy may induce hypokalemia and ionized hypocalcemia, which in turn may lead to rhythm disturbances and ventricular dysfunction [15] . Lastly, the 2005 AHA guidelines for CPR warned about the use sodium bicarbonate therapy due to possible reduction in systemic vascular resistance compromising coronary perfusion pressure, extracellular alkalosis inhibiting oxygen release from tissue by shifting oxyhemoglobin saturation curve, and increasing carbon dioxide production that can freely enter cells and may contribute to intracellular acidosis [16] . In fact, the 2015 AHA PALS guidelines discouraged the routine administration of sodium bicarbonate in cardiac arrest in children [17] , and concluded that the risks of using sodium bicarbonate outweigh the benefits of its buffer effect, and its therapeutic use is limited to specific situations, such as: Ventricular arrhythmias (1-2 mEq/kg, in addition to standard treatment), tricyclic antidepressants intoxication (1-2 mEq/kg intravenous (IV) boluses until pH is over 7.45), or during hyperkalemic cardiac arrest [18] . In 2018, the scientific statement from the AHA Congenital Cardiac Defects Committee revised the CPR guidelines specifically for infants and children with cardiac disease [19] . The guidelines extended the indications of sodium bicarbonate therapy for patients with a pacemaker with severe metabolic acidosis to avoid a lack of pacemaker capture, and in patients with severe metabolic acidosis associated with myocardial dysfunction. These changes in practice could have impacted the decrease of patients who receive this therapy, and that is demonstrated in Figure 1 ; furthermore, it could have also affected the characteristics of the patients to critical ones.
While this study benefits from a large number of admissions, there are limitations to this analysis. There are data not collected in the database which could help understand the temporal relationship between interventions. As a result, all the findings here are associations and not causative. The timing of sodium bicarbonate administration is not recorded, so one cannot tell at which point the sodium bicarbonate was administered precisely in relation to the arrest. It also appears that the sodium bicarbonate group may represent a sicker cohort of patients. While this is true, regression analyses factored in multiple characteristics that should have helped to account for this, including-but not limited to-the use of vasoactive medications. This study is also constrained by limitations inherent to administrative databases such as miscoding or undercoding. Inaccurate or incomplete coding may lead to misreporting, may affect outcome analyses, and are difficult to account for by statistical methodology. Data quality and reliability are assured through a joint effort between the Children's Hospital Association and participating hospitals, and data are subjected to a number of reliability and validity checks. The multi-institutional data utilized for this study represent the perspective on outcomes only in participating centers and may not be representative of or generalizable to non-participating centers and non-US centers. Outcomes were only measured for the index hospitalization; data from subsequent hospitalizations were not evaluated. Another limitation is that the shorter length of stay and cost of hospitalization might be due to an early mortality rather than the effects of sodium bicarbonate. Finally, these analyses are limited to direct hospital costs and do not include physician fees and other costs carried by patients and families.
Nonetheless, this study does present data that characterize the use of sodium bicarbonate. The increased inpatient mortality is provocative and is similar to findings from previous studies. Prudent use of sodium bicarbonate is warranted. Decreasing frequency of its use does appear to demonstrate that this viewpoint is being increasingly accepted in clinical practice.
Conclusions
Sodium bicarbonate is being used with less frequency in recent years in pediatric cardiac admissions with cardiac arrest. After adjustment for cardiac diagnoses, comorbidities, vasoactive medications, and other resuscitation medications, sodium bicarbonate is independently associated with increased mortality. 
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